Time of flight mass spectra of ions in plasmas produced by hypervelocity impacts of organic and mineralogical microparticles on a cosmic dust analyser Abstract. The ionic plasma produced by a hypervelocity particle impact can be analysed to determine compositional information for the original particle by using a time-of-flight mass spectrometer. Such methods have been adopted on interplanetary dust detectors to perform in-situ analyses of encountered grains, for example, the Cassini Cosmic Dust Analyser (CDA). In order to more fully understand the data returned by such instruments, it is necessary to study their response to impacts in the laboratory. Accordingly, data are shown here for the mass spectra of ionic plasmas, produced through the acceleration of microparticles via a 2 MV van de Graaff accelerator and their impact on a dimensionally correct CDA model with a rhodium target. The microparticle dusts examined have three different chemical compositions: metal (iron), organic (polypyrrole and polystyrene latex) and mineral (aluminosilicate clay). These microparticles have mean diameters in the range 0.1 to 1.6 µm and their velocities range from 1-50 km s −1 . They thus cover a wide range of compositions, sizes and speeds expected for dust particles encountered by spacecraft in the Solar System. The advent of new low-density, microparticles with highly controllable attributes (composition, size) has enabled a number of new investigations in this area. The key is the use of a conducting polymer, either as the particle itself or as a thin overlayer on organic (or inorganic) core particles. This conductive coating permits efficient electrostatic charging and acceleration. Here, we examine how the projectile's chemical composition influences the ionic plasma produced after the hypervelocity impact. This study thus extends our understanding of impact plasma formation and detection. The ionization yield normalized to particle mass was found to depend on impact speed to the power (3.4 ± 0.1) for iron and (2.9 ± 0.1) for polypyrrole coated polystyrene and aluminosilicate clay. The ioization signal rise time was found to fall for all projectile materials from a few microseconds at low impact speeds (3 km s −1 ) to a few tenths of a microsecond at higher speeds (approximately 16 km s −1 for aluminosilicate particles and approximately 28 km s −1 for iron and polystyrene particles). At speeds greater than these the rise time was a constant few tenths of a microsecond independent of impact speed. The mass resolution of the time of flight spectrometer was found to be non-linear at high masses above 100 amu. It was ∆m/m = 5 for m = 1 amu and 40 for m = 200 amu. However, although at high masses most mass peaks had the resolution quoted, there were also occasional much narrower mass peaks observed, suggesting that at 250 to 280 amu ∆m/m = 80 to 100. The lower resolutions may be due to closely spaced mass peak signals effectively merging into one observed peak due to the (greater but still finite) resolution found for the isolated mass peaks. Complex mass spectra have been reproducibly obtained from a number of different projectiles that display many charged molecular fragments with masses up to 250 amu and with periodicities of 12-14 amu. These new studies reveal an extremely strong dependence of the time-of-flight mass spectra on the impact speed, particularly at low velocities (1-20 km s −1 ). In some impact velocity regimes it is possible to distinguish time-of-flight spectra originating from organic microparticles from those obtained from iron microparticles. However, such discrimination was not possible at high impact speeds, nor was it possible to distinguish between the time-of-flight spectra obtained for aluminosilicate particles from those obtained for iron projectiles.
Introduction
The in-situ analysis of cosmic particles is a growing area of scientific interest with current interplanetary missions carrying detectors equipped with composition determining capabilities. One such instrument is the Cassini Cosmic Dust Analyser (CDA) (Srama et al. 2003) onboard the CassiniHuygens mission bound for Saturn. In this context, particles refer to individual grains with diameters typically a few microns or smaller. Through the collection of the plasma produced during a hypervelocity impact of such particles on a target, it is possible to determine the overall flux and to discern several key parameters of the original grain, such as mass, impact speed and composition. Flux detectors flown on satellite and interplanetary missions since the 1960's have identified many distinct dust populations within the solar system including meteoritic, cometary, interstellar and highly collimated streams found at the Jupiter system (Grün et al. 1993; Grün et al. 1998 ). The Divine model (Divine 1993) attempted to describe the interplanetary environment based on five original populations. This is currently being extended to include particle motions and updated to include newly observed populations such as interstellar dust (Grün & Staubach 1996; Matney & Kessler 1996) .
More recently, as well as measuring flux, CDA relies on the formation of ionic plasma by microparticles impinging at hypervelocities to perform time-of-flight mass spectrometry analysis. It provides compositional information on encountered dust grains, which can give an insight into their origin and the physicochemical processes involved in maintaining the dustflux environment. Calibration of such instruments with a wide variety of materials and at different impact speeds is essential to develop a proper understanding of the processes involved and to enable the interpretation of returned data from space.
Laboratory simulation of micrometeoroid impacts by electrostatic acceleration of microparticles to speeds of several km s −1 was first reported by Friichtenich (1962) . Subsequently, observations of impact ionization were reported by Friichtenicht & Slattery (1963) , and occurred when high speed particles (greater than a few km s −1 ) impacted targets. The resulting intense local heating and at least partial vaporisation of both projectile and target (at the impact site) from the impact shock produces a plasma composed of components from the target and the original projectile. It should be noted however that ionization is also obtained at speeds of less than a few km s −1 , i.e. below the somewhat loose traditional speed limit for full onset of hypervelocity behaviour (see Burchell et al. 1998 , where ionization is observed for impacts of iron microparticles on copper targets at speeds as low as 0.9 km s −1 ). This suggests that the ionization process is more complicated than this simple model. There are several models that attempt to explain this phenomenon; although as noted the processes involved are very complex. These models have been used to suggest qualitative explanations of the production of plasma in events with high impact velocities (>30 km s −1 ). However, quantitative predictions are generally difficult (for a summary see Auer 2001) . By applying an electric field within the region of plasma formation the positive and negative components can be separated and analysed for compositional information (Hansen 1968) . Allowing the separated ionised component to drift for some distance produces a time-of-flight spectrum, where the more massive ions have a longer flight time in the detector. Assuming that all ion species are singly ionised, this time-of-flight spectrum can be converted into an atomic (or molecular) mass spectrum.
The technique of compositional analysis through impact ionization time-of-flight mass spectrometry forms the basis of a number of interplanetary dust detectors. It has the advantage of providing in-situ compositional analysis without requiring complex, expensive sample return missions. Additionally, it provides a tool with which to investigate the origin of the particulate population based on composition that can be incorporated into flux models. The first mission to carry such an instrument was Helios in 1974 (Dietzel et al. 1973) . In 1986 three spacecraft (Giotto, VeGa 1 and 2) encountered Halley's comet, each carrying similar particle analysers, PIA and PUMA 1 and 2 (see Kissel 1986 and Kissel et al. 1986a,b) . These had a small impact target area but higher spectral resolution (m/∆m > 150) than CDA. The high average encounter speed (69-80 km s −1 ) at Halley's comet caused the plasma in many events to be primarily elemental, with some evidence of molecular fragments. Much analysis of the mass spectra obtained from Halley particles has been performed. From an early stage it was clear that some events were dominated by the light elements carbon, hydrogen, oxygen, and nitrogen, or so-called CHON spectra, (Kissel et al. 1986a ) while others contained mainly rock-forming elements. Currently a similar instrument is aboard the Stardust mission destined to visit comet Wild 2 in 2004.
The Cassini-Huygens mission (Spehalski 1996) to explore the Saturn system was launched successfully in October 1997 and is equipped with a host of instruments, including the Cassini Cosmic Dust Analyser. This provides in-situ observations of the dust environment both during the seven-year cruise phase (where possible) and of the Saturnian system (arrival 2004) . The CDA instrument is a direct descendant of the highly successful dust flux instruments carried on the Galileo and Ulysses missions (Grün et al. 1992a (Grün et al. , 1992b with the addition of a small chemical analyser target. Shown in Fig. 1 , it weighs 17 kg and is capable of determining particle charges between 1 × 10 −15 and 5 × 10 −13 C and particle masses between 10 −18 and 10 −12 kg for impact speeds of 1 to 100 km s −1 . For a detailed description see Srama & Grün (1996) . This instrument has a lower mass resolution than the PIA, PUMA and CIDA (Stardust) detectors. However, it has a larger chemical analyser target area of 200 cm 2 , compared to 5 cm 2 for both PIA and PUMA and 90 cm 2 for CIDA (Grün et al. 2000) combined with a very large area ionization target (1000 cm 2 ) for particle flux and mass measurements; this makes it well suited to the extended cruise phase of the Cassini mission where relatively low fluxes are expected, unlike the high fluxes encountered during cometary flybys.
To fully understand data returned from CDA, it is essential that laboratory experiments are performed to characterise the instrument responses and to further understand the physical processes at work. One method used to simulate ionic plasma production from a target is laser desorption (e.g. Kissel & Krueger 1987; Ahrens et al. 2003) , which is useful for timeof-flight dynamic investigations. However, this technique has the disadvantage that strictly speaking only the target material is ionised, there is no projectile present. So the behaviour of The hollow drum like structure in the top half of the figure is the main body of the instrument. The target is at the bottom of this drum and the ion detector is mounted in the hexagonal assembly suspended in the middle of the drum. Suspended beneath the circular opening of the main detector is a rectangular box with two circles on the front face. This is a high rate dust flux monitor using pvdf impact momentum sensors.
projectile material has to be inferred. An alternative approach is to simulate dust impacts by using a van de Graaff electrostatic accelerator to accelerate dust grains to a suitable speed and impacting them upon a target. A substantial amount of previous laboratory experimentation of this type has relied on impacts of dense, metallic projectiles such as iron, gold and copper, etc., simply because they can be readily charged and are thus suitable for electrostatic acceleration. However, such projectiles are elemental in composition and are unlikely to be representative of the expected flux of interplanetary dust particles. For example, if of cometary origin, particles encountered in interplanetary space are predicted to be highly porous, have low densities and to possess organic or mineral content in many cases. In addition, previous experiments have reported ionization from impacts on a variety of target materials, for example, Burchell et al. (1999a) reports data for impacts on targets such as iron, molybdenum, indium, gold and silver as well as rhodium.
Accordingly, we have used conducting polymers of relatively low density (typically around 1100-1500 kg m −3 ) to extend the composition of microparticles available for electrostatic acceleration. These new microparticles can be synthesised reproducibly with well-defined size distributions and chemical compositions. Here we report the successful van de Graaff electrostatic acceleration of several types of conducting polymer-coated projectiles, including two different organic-based latex particles and aluminosilicate-based clay platelets, and their hypervelocity impacts onto a full-scale replica of the Cassini CDA detector are studied. The response of the target to low-density projectiles is studied and a discussion of the time-of-flight spectral features is presented, with particular emphasis being placed on their evolution with impact speed. Finally, spectral analysis provides the mass resolution of the laboratory-based instrument for ionic species with masses in excess of 100 amu.
Experimental procedure
A 2 MV van de Graaff accelerator at the University of Kent at Canterbury was used to accelerate electrically conducting microparticles up to speeds that are representative of dusts encountered in interplanetary space (1-50 km s −1 ). The accelerator facility and dust source are detailed in Burchell et al. (1999a) . The accelerated particles impacted upon a CDA representative laboratory model in an environment evacuated to a pressure lower than 10 −6 mbar. The CDA model was dimensionally identical to the flight instrument but possessed a representative, rhodium chemical analyser target. The laboratory version used here had an accelerating grid support above the target, whereas the flight model has a self-supporting grid, although the composition of the target and the strength of the accelerating field are unchanged. This effectively simulated the impacts expected in flight, enabling the plasma dynamics to be investigated.
An impact event in the detector was triggered by signals read from the CDA model on standard oscilloscopes. The particle velocity (v) and charge (q) for each individual event were determined through detection along the accelerator beam line via induced charges on conducting cylinders arranged in a time-of-flight detector system (Burchell et al. 1999a) . The mass (m) for each particle is determined from Eq. (1), where the acceleration voltage (V) was recorded for each event:
(1) Figure 2 shows a schematic of the CDA instrument and a typical signal response to a hypervelocity impact on the centrally located chemical analyser target of the CDA. The resulting plasma was subject to a high electric field due to a 1 kV potential difference maintained over the 3 mm separation between the accelerating grid and the rhodium target surface. This served to collect the negative plasma component on the target surface (QC) and accelerate the positive plasma component towards the centrally located detector (QM) beyond a Fig. 2 . Schematic of Cassini Cosmic Dust Analyser and typical signal responses to an impact on the chemical analyser target. An incident dust particle will (if charged) induce a signal QP on the entrance grids. If the particle impacts the Chemical Analyser target a charge pulse QC is observed on the target with a corresponding signal QA on the target grid. The ions produced in the impact drift to the ion detector where a signal QI is produced on the entrance grids and a final signal QM (i.e. the mass spectra) is produced by the ion multiplier.
drift region. Note that the QC signal has a fast rising component (whose magnitude is shown as F in Fig. 2 ) and a total magnitude (T in Fig. 2 ). In the subsequent analysis when ionization yield is referred to the magnitude was taken as the total magnitude (T ) recorded on target surface (QC). A small potential of -350 V on the ion collection grids further assists in focusing the anions towards the ion multiplier. The passage across the drift region results in a time-of-flight spectrum containing those positively ionised components from the impactor and the target, thus the heavier components take longer to travel and appear later in the spectrum. For any single event the time-of-flight spectrum can be converted into a mass spectrum (atomic mass units) by using, for example, the relatively heavy rhodium (103 amu) constituent known to originate from the target material and the impact time taken from the target signal. The analysis assumed that each ion was singly charged. During flight, the target signal provides constraining information on the impacting microparticle, such as impact speed from the signal rise time (see later). For a more detailed description see Srama & Grün (1996) and Srama et al. (2003) .
Organic-based Microprojectiles
Traditionally the samples available for acceleration by van de Graaff were limited; they have to be electrically conducting, easily chargeable and be readily available in powdered form. Thus metals such as iron, or metal-coated particles, were used in the vast majority of impact ionization studies. However, certain other non-metallic materials also satisfy these criteria, and in 1990 Keaton and co-workers (Keaton et al. 1990) reported the first successful test-bench acceleration of conducting polymer-based particles. A number of conducting polymers, e.g. polypyrrole and polyaniline, are suitable for electrostatic acceleration; their conductivity is due to their highly conjugated backbones and the mobile charge carriers on those backbones. In addition, recent synthetic advances have enabled electrically insulating particles such as polystyrene latex to be coated in a thin, uniform conducting polymer overlayer (for example see Lascelles & Armes 1995 . Burchell et al. (1999b) reported the suitability of such coated latexes for electrostatic acceleration and found that they made excellent organic-based microparticles for use in impact ionization studies. A schematic representation of the synthetic procedure for adding a conducting polymer overlayer to a core particle (polystyrene) is shown in Fig. 3 . Essentially an oxidant is added to an aqueous solution that contains sterically stabilised polystyrene latex. The monomer of choice, in this case pyrrole, is then added, and polymerisation ensues. The conducting polymer that is formed is insoluble in water and preferentially deposits onto the latex particles, producing a well-defined coreshell morphology. Further details of the synthesis, composition and detailed surface characterisation of such particles are given in Lascelles & Armes (1997) , and Khan & Armes (2000) . There are several materials suitable for coating and, conveniently, these are often readily doped with specific elements of particular interest with regard to spectral investigations. This has greatly increased the range of chemical compositions available for acceleration. In addition, the synthesis provides samples with strictly controllable parameters. The mean particle diameter, for example, can be controlled and typically possesses a relatively narrow distribution. This is apparent in Fig. 4 , an electron micrograph of a 100 nm diameter polypyrrole latex (sample PP). In addition, when core-shell particles are used, the desired size of the core can be chosen in advance and be prepared with a narrow size distribution, again ensuring nearmonodisperse microparticles. Each sample is typically accelerated to a narrow velocity range that is determined by the particle size (see Burchell et al. 1999b; Burchell et al. 2002) . Thus samples of different sizes enable a range of velocities to be investigated thoroughly, while maintaining the constant chemical composition that is particularly useful for spectral investigations. It has been shown in preliminary work that these particles can be used in laboratory-based impact ionization experiments that incorporate time-of-flight mass spectrometry. Goldsworthy et al. (2002) showed that the particles can yield mass spectra (in a Cassini CDA type detector), and Kissel & Krueger (2001) showed that mass spectra can be obtained from an instrument similar to that used on the Stardust space mission.
The relatively low densities (ca. 1080-1180 kg m −3 ) of these new polypyrrole-coated polystyrene microparticles provide a good comparison to traditionally accelerated iron (density 7800 kg m −3 ). Furthermore, their chemical compositions (up to 90% carbon by mass) mimic the carbon-rich compositions of cosmic dust grains, although it should be noted that at least some cosmic grains are believed to be highly porous (the highly porous chondritic-porous microparticles identified by Bradley et al. 1983) , whereas these microparticles are nonporous in nature. In addition, it should also be noted that the bonding states of the atoms can also influence the ionization yield. Therefore complete equivalence to cosmic particles cannot be established.
In this work five types of microparticles are studied, four of which rely on a thin conducting overlayer of polypyrrole on an organic (polystyrene latex) or inorganic (clay) core material and the fifth projectile comprised around 90% polypyrrole by mass. This last polypyrrole sample (labelled PP) is shown in Fig. 4 . Of the four microparticles with core-shell morphologies, three samples have the same core composition but different mean diameters (0.19, 0.48, and 1.57 µm, named PP3, PP4 and PP5 respectively), consisting of a polystyrene (PS) latex core with a thin overlayer of polypyrrole. This enables the systematic investigation of the effect of varying the impact velocity on the spectral response. The fourth sample of coreshell microparticle consists of a core of aluminosilicate clay coated with a polypyrrole shell (labelled AlSi). This latter sample possessed a polydisperse platelet morphology, rather than near-monodisperse spherical particles, this is due to the natural origin of the clay core material.
The synthesis of the polypyrrole particles (sample PP) is described in detail in and Armes et al. ( , 1991 . The synthesis of the polypyrrole-coated polystyrene latex particles is described in Lascelles & Armes (1995 , Khan & Armes (2000) and Khan (2001) . The synthesis of the polypyrrole-coated aluminosilicate particles has not been reported previously and is described in the Appendix.
These five projectiles thus include three distinctly different compositions for mass spectral comparison; two different organic compositions and a mineral-based composition. In addition, mass spectra due to impacts of iron microparticles were also obtained. Table 1 summarises the key characteristics (mean measured particle diameter and density and the corresponding derived mean mass) of each type of microparticle. Ideally, polypyrrole has the approximate elemental composition of C 4 H 3 N 1 Cl 0.33 (normalised to nitrogen). In practice, however, it contains an additional oxygen component due to partial oxidation of the polymer backbone. Typically for these core-shell particles the conducting polymer coating represents less than 10% by mass, therefore the overall chemical compositions are dominated by the core materials, in this case polystyrene latex (ideally C 8 H 8 ) or aluminosilicate clay (ideally Na 2 Al 2 SiO 6 ).
Results
Each sample was successfully charged and electrostatically accelerated using a 2 MV van de Graaff accelerator. Figure 5 shows the mass-velocity data obtained for each sample, where the mass has been calculated using Eq. (1). In the data the velocity is measured with an accuracy of typically better than 1% at low speeds (1 km s −1 ), rising to 5% at 50 km s −1 . The mass is accurate to 2% at low speed, rising to 10% at 50 km s −1 . See Burchell et al. (1999a) for more details. An iron sample is also shown for comparison, the best fit for which (m = (2.5±0.6)× 10 −14 v -(2.8±0.2) , r = −0.93, units of kg and km s −1 , where r is the regression coefficient for the fit) is shown on subsequent sub-plots in Fig. 5 as a dotted line. The horizontal dashed lines indicate the mean mass of each sample obtained during synthesis and quoted in Table 1 . Table 2 summarises the velocity response obtained with each sample.
In Fig. 5 , the iron microparticles display a characteristically broad particle size distribution with a correspondingly wide velocity response. For the four conducting polymer-based microparticles (PP, PP3, PP4 and PP5) the mean mass expected from synthesis coincides fairly well with the mode measured mass. The mono-disperse nature of the samples from synthesis is shown in Fig. 2 and similar figures in the various references (e.g. Burchell et al. 1999b Burchell et al. , 2002 . However, PP4 exhibits a somewhat broader size distribution than expected and, in the case of PP5, the expected mean mass differs slightly from that observed. The AlSi sample has the expected polydisperse mass distribution, with a fit m = (1.9 ± 0.9)× 10 −14 v -(2.8±0.2) , r = −0.84 (units of kg and km s −1 , where r is the regression coefficient for the fit). This is shown as a solid line on the data.
Further, it is apparent that within some samples there are a number of events with masses that are significantly different from the quoted mean value. Samples PP, PP4 and PP5 have a population of events with more massive particles. These are believed to be examples of where individual particles have clumped together to form larger agglomerates. Samples PP3, PP4 and PP5 also display populations with smaller particles, possibly due to particle fragmentation as a result of the high surface charge used for acceleration. As stated, the modal mass for sample PP5 appears slightly larger than the quoted value obtained for the aqueous dispersion by disc centrifuge photosedimentrometry. Burchell et al. (1999b) also accelerated particles from this sample,and reported a slightly higher mass than the expected value, in line with that observed here. In the PP, PP3, PP4 and PP5 samples, these high and low mass populations have been removed from further analysis to ensure the composition is accurately known for spectral comparison purposes. The "true" velocity range of the remaining events is quoted in Table 2 along with the calculated modal diameter and mass. The AlSi sample has no well-defined mode mass and thus the data over the full velocity range is used in all the work.
Generally the results of charging and acceleration from these new low-density projectiles were as expected. The PP sample was accelerated in the range 16 to 39 km s −1 . The PPY-coated PS samples (PP3, PP4 and PP5) cover a velocity range from 3 to 26 km s −1 . Finally, because it has a broad mass distribution, the AlSi sample could be accelerated from 3 to 50 km s −1 . It is thus possible to study detector response properties and the impact mass spectra over a wide range of impact speeds.
Target response
These low-density samples enabled the target response to be assessed when impacted with materials of significantly different densities compared to the standard iron microparticles. Figure 6 shows the negative plasma components for impacts on the rhodium chemical target (QC) yield, normalised to the mass of each impactor. The uncertainty in the normalised ionization yield is typically 10% at low speeds, rising to some 15% at 50 km s −1 . The results of the fits to Fig. 6 are given in Table 3 , only the "true" particles as determined by the mass analysis are included in the data. A power law fit is given as is standard with this type of data (i.e. the data cover several orders of magnitude). Figure 6a shows the iron data set and the fit that is shown (solid line) is also given in Figs. 6b and 6c as a dashed line for comparison. The data for the purely organic microparticles are shown in Fig. 6b . Since the PP3, 4 and 5 samples have similar compositions it seems sensible to fit these data with a single function (the solid line at velocities of 2-30 km s −1 ). At higher velocities in Fig. 6b are shown the data for the PP sample, which is fit separately (the solid line in the range 15-45 km s −1 ). The PP data have a greater dependence on impact speed, hence an increased power of v in the fit given in Table 3 . The transition in Fig. 6b to the steeper slope in velocity occurs at approximately 20 km s −1 . To test if this is somehow independent of the nature of the projectile, the iron data in Fig. 6a were fitted again, this time in two separate ranges of velocity (greater than and less than 15 km s −1 ). The results are also given in Table 3 . There is an apparent effect, with an increased power of v seen in the higher speed data set. Note that the speed at which the slope changes is lower for iron (15 km s −1 ) than for the organic particles (20 km s −1 ). It is also possible to separate the iron data into three speed regimes, low speed, intermediate speed and high speed. This was done for . Target ionization charge normalised to particle mass vs. velocity for a) iron, b) organic and c) mineral containing microparticles. The fit to the iron data is indicated on subsequent plots as a dashed line. The data for each fit are given in Table 3 . In b) the samples PP3, PP4 and PP5 were fitted as a combined set, with PP fitted separately.
iron particle impacts on a rhodium target for example in Stübig et al. (2003) . Their data for ionization charge/mass vs. impact speed are very similar in magnitude to those presented here. At high speed they find the a fit which has v 4.4 , in good agreement with the value of 4.3 ± 0.3 found here (Table 3) . At lower speeds they divide the data into two speed regimes. At the lowest speeds (<4 km s −1 ) they find v 3.6 , and at intermediate speeds Fig. 6c shows the data for the AlSi sample with the corresponding fit (solid line).
Within the scatter of the data, the normalised target yield from all the low-density projectiles agrees with that obtained for iron, despite the large density differences and the varying chemical compositions. Even the changing behaviour at low and high velocities is reproducible. Thus for this type of target material (rhodium) there is little, if any, difference in impact ionization yield that is related to anything other than particle mass and velocity, i.e. it is independent of projectile composition for representatives of three widely varying classes of particles (metals, organics and silicates).
Charge signals recorded from the target can also be used to provide an indication of the impact speed of the impinging microparticle. This is important, because in space the speed of the impactors is usually unknown. There are exceptions to this. The CDA detector carries charge-sensitive grids across its entrance, which can be used to find a transit time (and hence speed) for heavily charged particles entering the detector. For the Stardust mission the encounter speed with the comet dominates the impact speed for dust particles emitted from the nucleus, thus giving an impact speed of 6.1 km s −1 with only a narrow spread in speed. However, in general a measure of impact speed from the impact itself is clearly desirable. In CDA (Fig. 2) the signal recorded from the target (QC or QE) for an individual event provides an indication of the impact velocity. In the laboratory this is easily verified through independent particle detection in the beam line of the accelerator. The time required for the chemical target charge signal (QC) to reach a maximum is shown in Fig. 7 and is measured with an accuracy of order 50 ns. The iron data are shown in Fig. 7a , the data for the PP and PP3, 4 and 5 samples are shown together in Fig. 7b , and the AlSi data are depicted in Fig. 7c . In each case most of the data display common behaviour. At low speeds (i.e. a few km s −1 ) there is a limiting maximum rise time of (3.75 ± 0.75) µs. This decreases linearly as the impact speed increases. Finally, above 20-30 km s −1 there appears to be a minimum rise time of (0.20 ± 0.05) µs that is independent of the impact speed. Indeed, for the AlSi sample this minimum rise time is observed even in some of the lower speed data. It is not clear what causes this behaviour, but it is observed in data for all three types of projectile, i.e. metal (iron), organic (the polypyrrole, PP, and polypyrrole-coated polystyrene samples, PP3, PP4 and PP5) and mineral (the aluminosilicate sample, AlSi). Fits are shown to the linear part of the data in Fig. 7 with the results given in Table 4 (in Fig. 7 the fit lines do not appear as straight lines because of the log-log axes of the graph). Note that no goodness of fit criteria or uncertainties on the fit coefficients are given for the fits in Table 4 . This is because the most obvious outlying data points were excluded in each case in order to obtain the fits. This effectively forces a fit with an artificially high goodness of fit value. However, it is a justified procedure because it reveals the characteristics of the majority of the data. Several features emerge: While the fits to each data set (metal, organic and mineral) are linear in each case, there are differences between the various projectiles. The iron and the organic-based microparticles behave similarly, but the fit for AlSi has a much greater slope. This suggests that the critical impact speed above which the linear behaviour ceases to be applicable depends on the composition of projectile. It is 16 km s −1 for the mineral-based (AlSi) particles and 28 km s −1
for both the iron and organic-based (PP and PP3, PP4 and PP5) microparticles. A single type of behaviour is thus found for the ionization yield that is independent of the nature of the impactor in the laboratory, but not for the signal rise time and thus the determination of impact speed. On a spacecraft-deployed instrument it is this combination of impact speed and ionization yield measurements that permits the determination of the mass of the impacting particle. It is thus important to know if the instrument response depends on the nature of the impactor and its speed. The results indicate that the laboratory calibrations for the chemical target in CDA-type instruments are sensitive to particle composition. However, it should be noted that the data for the calibration of impact speed from signal rise time has a large scatter and hence there is a large uncertainty in calculating the impact speed; this problem is exacerbated when the impacting micrometeoroid composition and density are unknown. In addition, high impact speeds cannot be determined with the current laboratory instrument.
Spectral response
There is a large amount of information contained within the spectral data collected by the time-of-flight system. In Fig. 8 typical spectra are shown for impacts of iron at differing impact speeds (with a linear vertical scale). The conversion from time to mass on the horizontal axis in Fig. 8 was achieved using the relation
The coefficient D in the mass scale for each event has been fitted individually using two peaks, sodium (23 amu) and potassium (39 amu), and the mass scale is then verified by comparison with the impact time given by the target signal. As contaminants within the system, sodium and potassium are always present in the spectra at these velocities and are generally easy to identify. It is found that D typically has the value of (5.25 ± 0.08) × 10 −7 (where t is in s and m in amu). Populations of different ion species and their evolution with impact speed can be readily seen. A discussion of this is given below. Figure 9 shows typical spectra for samples AlSi, PP and PP5. In Fig. 10 summed mass spectra are shown for the PP3 and PP4 samples. A summed spectrum is one where all the individual mass spectra of the "true" particle impacts within a population of microparticles have been added together and divided by the number of "true" impacts. Again in Fig. 10 it is possible to see an evolution between PP3 (average ∼5 km s −1 ) and PP4 (average ∼9 km s −1 ) with increasing impact speed. To further display this dependence on impact speed, the data have been reduced to the graphical representation shown in Figs. 11 to 13. Here event impact velocity (km s −1 ) is plotted along the vertical axis and mass (atomic mass units) along the horizontal axis. Therefore, each horizontal line of dots represents a single impact event. Each dot represents a peak in the mass spectrum, with the size reflecting the prominence of that peak within the event. The horizontal bars give the width of each peak, providing an indication of their separation (if not shown, the width was less than the size of the symbol used). Care must be taken when comparing projectile samples in Figs. 11-13 as the ranges of impact speed overlap between the samples. Displayed in Fig. 11 is the spectral response from iron projectiles. It shows a response that has been commonly reported (see for example Ratcliff et al. 1997) . At low velocities the alkali contaminants sodium (23 amu) and potassium (39 amu) dominate the spectra, gradually decreasing in relative abundance as the velocity increases. The projectile (iron, 56 amu) and target (rhodium, 103 amu) materials are not always clearly present, particularly at low velocities. In events with impact speeds below 15 km s −1 iron is only apparent in approximately 22% of events, but above 15 km s −1 this rises to approximately 82%. 
Fig. 11.
Graphical representation of spectra taken with a CDA type instrument for impact of iron projectiles. Each horizontal line of dots represents an individual particle impact event with velocity indicated by the y-axis. Each dot represents a spectral peak with the size indicating the relative prominence of each species and the error bar signifies the peak width.
The iron and rhodium do, however, become relatively more abundant as the velocity increases. In addition, the peak response broadens, with an asymmetric shape favouring lower mass (earlier arrival times of ions), possibly due to a larger portion of the ions possessing higher initial energies. There are a number of other species that are believed to be contaminants. On passing a velocity threshold of approximately 12 km s −1 , hydrogen (1 amu), carbon (12 amu) and a species at 27 amu become regularly apparent and proceed to become more abundant as the velocity increases, unlike sodium and potassium whose relative abundance declines. The species at 27 amu is suggestive of aluminium. However, this species is not expected and this signal is therefore believed to be a molecular component (C 2 H + 3 ), perhaps originating from hydrocarbon-based oils within the van de Graaff system. This contamination is also expected to be the primary source of the hydrogen and carbon signals. Additionally, oxygen also becomes increasingly abundant at velocities of approximately 25 km s −1 and upward, possibly originating from oxidation of the projectile material. Another possible origin of the oxygen is from water absorbed onto the surface of the target. On occasion it has been observed in high velocity events that the iron peak becomes resolved into two distinct peaks of approximately equal magnitude, typically 53 amu and 56 amu. Although iron has many isotopes spanning 54-59 amu that may give rise to a broad response, 56 amu is by far the most abundant (∼92%). Thus an iron isotope effect does not explain this phenomenon. An alternative suggestion is that it represents the appearance of another meta-stable hydrocarbon molecule from the oil contamination, although why other such species were not also observed is not understood. It may be doubly ionised rhodium; although previous work has shown little evidence of doubly ionised species this should not be discounted. Another rare feature is a small signal at ∼115 amu, occurring in ∼3% of all iron events and at velocities in the range of 16-29 km s −1 . It possibly represents a complex formed by the target material and carbon (RhC + ). Such species have been reported in the past (Knabe & Krüger 1982) . At low velocities, other features are occasionally observed at around ∼72 amu and ∼87 amu.
Generally speaking the spectra are well behaved; that is, at a particular velocity the spectral response between events is typically the same, although the amplitudes of each species vary significantly (by a factor of two in extreme cases). Some ionic species become apparent only at high impact speed. Occasionally a species will appear at a velocity lower than expected and indeed sometimes is not observed at all. This behaviour for impacts of iron particles on rhodium is similar to that reported in earlier work (e.g. Ratcliff et al. 1997) .
Displayed in Fig. 12 is the spectral response obtained from the aluminosilicate clay sample that contains a preponderance of sodium (ideal composition Na 2 Al 2 SiO 6 ) coated in less than 10% polypyrrole (ideally C 4 H 3 N 1 Cl 0.33 ). The majority of these events are below 20 km s −1 but range up to ∼50 km s −1 . At first glance these appear to be similar to the iron data set, although on closer inspection they are significantly different. As before, rhodium broadens to lower mass with increasing impact velocity and there is occasionally evidence of a feature at 115 amu but this time at lower velocities (5-15 km s −1 ). The sodium and potassium contaminants again dominate at lower velocities but here sodium, as a component of the projectile, should remain prominent at high velocities. Unfortunately, there are only two suitably fast events to observe this and one does not indicate sodium. The significance of this should not be overstated since such events may be atypical and may possibly represent a polypyrrole fragment (which would contain no sodium). Despite forming a major component of the projectile, oxygen again appears only when the impact velocity is above 25 km s −1 . Additionally, it is accompanied by nitrogen (14 amu), which is not observed in either the iron or the organic latex samples studied here. Nitrogen is not expected from the aluminosilicate core; it is present in the polypyrrole coating, but this introduces a puzzle. If the nitrogen originated from the polypyrrole, one would expect to have observed this signal in each of the PPY-containing microparticles at these velocities but this was not the case. Only the polypyrrole microparticles have comparable velocities (PP, shown in Fig. 13a ) and this sample does not contain nitrogen. This suggests that the nitrogen signal originates from the aluminosilicate clay (and not the target for example), although this would require significant contamination of the clay by an unknown nitrogenbased compound. A particularly interesting feature is observed for impacts with hypervelocities between 7 and 16 km s −1 : a lithium signal (7 amu) occurs in approximately one third of these events. It is possible for lithium to be intercalated within the clay, yet no lithium signal is observed at higher speeds. Currently it is not possible to distinguish with confidence between silicon (28 amu), aluminium (27 amu) and the suspected hydrocarbon contamination (27 amu). However, a strong response is detected at ∼27 amu at velocities of 5 km s −1 , which is well below the minimum threshold (∼15 km s −1 ) for the hydrocarbon contaminant observed for iron events. There appears to be a species present at a mass of ∼44 amu at impact velocities below 15 km s −1 . There is also a species occasionally appearing within the mid 50's amu which could be due to the core material in the form of AlSi or due to the conducting coating. It is not believed to be due to iron contamination. At lower velocities there are again indications of features at ∼72 amu and ∼87 amu. Figure 13 shows the spectral response of the remaining four samples, first pure polypyrrole (PP) (a) followed by the various polypyrrole coated polystyrene samples PP5 (b), PP4 (c) and PP3 (d). Note that in Fig. 13 the various sub-plots have different ranges of velocity on the vertical scales. The PPY spectra ( Fig. 13a) with an ideal composition of C 4 H 3 N 1 Cl 0.33 are relatively featureless in comparison to the other spectra presented in Fig. 13 . However, its velocity range of 17-32 km s −1 , is faster than most events in the PPY-PS samples. The usual species, hydrogen, carbon, sodium, potassium, and rhodium and, on occasion, a signal at ∼115 amu are each present as expected in Fig. 13a . The 27 amu species is also present, although not at the same intensity as that found for iron events in the same velocity range. The absence of the pyrrole ring repeat unit (65 amu) suggests that the impact energy was sufficient to cause complete fragmentation of the polypyrrole chains into their constituent atoms. Hydrogen and carbon signals are indeed observed, as expected. However, it is interesting to note that nitrogen signals are not regularly observed, despite being seen at velocities exceeding ∼25 km s −1 in the AlSi sample. There are impact events here at speeds in excess of this. The lack of a nitrogen signal therefore suggests two things. First, the signal observed in the AlSi sample is from the clay and not from the conducting polymer. Second, some unknown mechanism prevents observation of the expected nitrogen signal. On this latter point it is noted that a CN − anion (amu 26) is always observed in the negative ion mode ToF-SIMS analysis of polypyrrole (Abel et al. 1994) . If this negative ionic species is the major fate of the nitrogen atoms in the hypervelocity impact of PPY then it could account for the lack of a nitrogen signal in the positive ion spectra observed with this detector. There are species present at ∼56 amu and sometimes at slightly lower masses. An unlikely possibility is that it originates from iron contamination of the target surface.
The PP5, PP4 and PP3 samples have almost identical compositions, but their different sizes provide a different velocity response after acceleration. If their spectral response is considered, it is immediately clear there is a strong velocity dependence. As the impact velocity increases the number of peaks decreases significantly, especially for higher mass signals. It is possible that the varying particle size influences the physical processes. However, even within each sample the spectrum changes with increasing velocity. The individual elements H and C do not begin to appear until above ∼12 km s −1 , by which time Na and K have decreased in prominence, in agreement with observations made on other samples.
The PP3 sample, accelerated to the lowest speeds, exhibits a large number of peaks from 91 amu up to ∼250 amu (note the range above 200 amu is not shown) with regular spacings of ∼12−14 amu. This indicates a large number of related molecular fragments, most likely differing by additional CH or CH 2 units. The most intense peak attributable to the impacting particle is the feature at 91 amu, which is observed at low velocities (v < ∼7 km s −1 ). This is diagnostic of the polystyrene core; it is well known that such aromatic compounds readily form the highly stable aromatic tropylium cation (C 7 H + 7 ) species and produce a characteristic strong response at 91 amu (Silverstein & Bassler 1964) . Indeed, in control experiments we have analysed relatively volatile styrene oligomers using conventional mass spectroscopy and also obtained strong signatures at 91 amu due to in-situ thermal degradation. This feature appears in both the PP3 spectra and also the slower PP4 events, although the many high mass features (>130 amu) are no longer present. There is a region at around 7.5-11 km s −1 where peaks become less frequent; at higher hypervelocities the 91 amu peak vanishes and does not reappear. This suggests that, at a threshold impact speed of approximately 8 km s −1 , the kinetic energy of the impact is sufficient to destroy the tropylium cation species. A feature at ∼72 amu gradually increases in intensity as the 91 amu species decreases. Once the impact speed exceeds ∼11 km s −1 the spectra fall into a new characteristic pattern, maintaining the standard separations of ∼12-14 amu between successive high mass peaks. Again, there is good agreement between different samples at comparable velocities. Once the impact velocity exceeds ∼17 km s −1 the periodic peaks disappear and the spectra become comparable to the relatively featureless spectra obtained for the PP sample.
The mass spectra can thus be sub-divided according to velocity (as indicated in the previous paragraph) into three distinct regimes: below 11 km s −1 , 11 to 17 km s −1 and above 17 km s −1 (see Tables 5-7 ). The impact speeds used to delineate these regimes are approximate, and are probably accurate to within 1-2 km s −1 . Occasional peaks observed outside the stated velocity regime are ignored; only typical behaviour is reported in Tables 5-7 . Also, to a first approximation the contribution of the polypyrrole overlayer to the mass spectra is assumed to be negligible, since the latex projectiles comprise over 90% polystyrene by mass. Tentative assignments of the likely chemical species associated with each peak are then suggested. It should be remembered that the mass values referred to here are strictly mass/charge (m/z) ratios. It has been assumed that all species are singly charged ions (z = 1) when making the assignments. It is also noted that although mass 39 is traditionally considered as potassium (and is labelled as such here) it could also include a contribution from [C 3 H + 3 ]. Even in the lowest velocity regime (Table 5) , ionization is observed. The impact energy per projectile is sufficient to cause partial degradation of the polymer backbone, leading to chain scission of the relatively weak C-C single bonds (for which the mean bond energy is around 350 kJ per mol of bonded carbon pairs). The high mass values that are observed are consistent with polyene fragments being formed of general formula [CH 3 
+ . For this homologous series the mass numbers (MW) values are given by:
This is illustrated in tabular form in Table 8 . These assignments are consistent with the notion that the pendent phenyl rings of the polystyrene are mostly cleaved from the polymer + backbone, leaving fragments of the backbone that are highly unsaturated. It is also possible that some of these highly unsaturated fragments may be formed from the destruction of the aromatic rings. The most prominent feature is the mass peak at 91 amu, which corresponds to the well known tropylium cation. This aromatic seven-membered ring is particularly stable and is characteristic of the polystyrene component of the projectile. For some mass numbers it would be possible to make the assignment of a carbon cluster. However, whilst Kissel & Krueger (2001) , observe carbon clusters in negative ion mass spectra using similar particles, they comment that the production of such clusters is favoured for negative ions and thus such signals are not expected in positive ion mass spectra as obtained here. In the intermediate velocity regime (Table 6 ), the impact energy per projectile is sufficient to destroy most of the larger molecular ions (i.e. most of the C-C and C-H bonds, and some of the stronger C=C bonds, are now cleaved) and there is a general shift to lower mass peaks. It is not clear how to explain all the observed peaks. The peak that appears at mass 60-61 amu is one such case; a tentative suggestion is that it corresponds to a cluster of carbon atoms.
Finally, above 17 km s −1 ( Table 7 ) we estimate that, even if most of the kinetic energy associated with the impinging projectile is dissipated through volatilization of the metal target, This interpretation of the evolution of the mass spectra with projectile velocity is based on chemical intuition and appears to be both logical and reasonable. It can be compared with standard positive ion mass spectra of polystyrene such as that of Brenna et al. (1991) obtained with laser microprobe and ion cyclotron resonance mass spectrometry. The mass spectra obtained in that work are very similar to that here from the low speed PP3 sample. There are many peaks starting at m/z = 91. The peaks come in clusters, with the clusters separated by a mean of 10, 12 or 14 Daltons, and each cluster contains a series of peaks each separated by 1 Dalton from its neighbour. There are some differences however. For example, in the work of Brenna et al. (1991) , the m/z = 91 peak is observed but is not dominant, instead a cluster at m/z = 191-193 is. Beyond this however the agreement is striking. Hinz et al. (1994) report laser induced mass analysis of single particles of organic materials including polystyrene. They show a mass spectrum for positive ions from a 1.0 micron polystyrene particle. The peaks in the spectra are at low m/z values, less than 120. They assign the difference to the results of Brenna et al. (1991) to be the the result of using a greater laser irradiance. This is equivalent to increasing the impact speed in our experiments and their spectra are indeed similar in appearance to those obtained from the intermediate speed PP4 sample. There are again some differences, we see no cluster of peaks at m/z = 48-51 and the peak they report at m/z = 39 cannot be separated in our work from that of the known contaminant (potassium).
There are also impact ionization data for both positive and negative ion mass spectra for polyethylene-dioxythiophene coated polystyrene particles (Kissel & Krueger 2001) . In their positive ion mass spectra, at low speeds (6 km s −1 ) the only line they specifically associate with the particle (as against contaminants)is that at m/z = 91 (the tropylium cation), they see no higher mass series of peaks. As impact speed increases they find that the line at m/z = 91 disappears and a broad lower mass signal appears. Given that their mass resolution can easily permit resolution of integer mass species they attribute this to production of tropylium ions which possess sufficient internal excitation to decompose during the acceleration stage of their instrument. This they feel will result in a broad peak from m/z = 80 to 90. Hinz et al. (1994) do see structure between m/z = 80-90, but they resolve it into individual integer peaks, so this is not the same feature. We have considered this when making a tentative identification of the m/z values in Tables 5-7. Since our mass spectra at low speed appear similar to those of Brenna et al. (1991) , we adopt the approach of attempting to assign an identification associated with the observed m/z values and correlate these with either structure in the original particle or for example carbon clusters. We agree with Kissel & Krueger (2001) in that at impact speeds between 10 and 20 km s −1 this structure changes, but noting the results of Hinz et al. (1994) we again make tentative chemical identifications based on the observed m/z values rather than suggest the observation of unstable ions which decomposed during acceleration. It should be noted however, that both interpretations explain the change in the mass spectra above m/z = 100 as the impact speed increases from 10 to 20 km s −1 . It would be interesting to repeat the current experiments with a high resolution impact ionization detector (such as that of Kissel & Krueger 2001 ) to see if the results favour the discrete m/z values found for polystyrene by Hinz et al. (1994) or the broad peak type structure reported by Kissel and Krueger. However, since the current paper addresses a CDA type detector this is left for the future.
It is worth noting that, while the abundance of the sodium and potassium contaminants in these events is comparable to those obtained with iron projectiles, the abundance of the 27 amu species is atypical, particularly at high velocities. It is possible that the lower density projectiles are less able to ionise this species to the same extent as iron. Similarly, it is not clear where rhodium appears within these spectra. At low velocities the response at ∼103 amu in shape and amplitude resembles those surrounding it and happens to lie at the location of a predicted molecular species (i.e. the tropylium cation (91 amu) plus one carbon atom (12 amu). Once the impact velocity increases above ∼20 km s −1 a suitable candidate for rhodium appears; for iron projectiles this signal regularly appears above 12 km s −1 . Krueger (1996) suggests that the relative abundance of projectile and target species within the mass spectrum can depend on the particle density. Our observation appears to support this hypothesis. Essentially, this suggests that the impact velocity thresholds for the production of various species may depend on the properties of the impactor.
In summary, these spectra provide interesting information concerning the formation and observation of impact-induced ionic plasmas. There are variations in spectral response at the same velocity but only in terms of the relative abundance of individual species. In general, the spectra obtained at a given velocity are self-consistent and reproducible over many impact events, although sometimes one or more individual species may disappear, probably due to slightly differing impact conditions.
It is possible to assign spectral features in the polypyrrolecoated polystyrene series of samples to the expected fragmentation chemistry of the organic projectiles. Furthermore, the evolution of the mass spectra with impact speed is clearly evident. The strong velocity dependence has important implications for the interpretation of data obtained from CDA-type instruments. It highlights the importance of knowing the impact speed for an individual event to enable a realistic, accurate interpretation of the mass spectrum.
3.3. Identifying particle composition from the observed mass spectra
The purpose of the Cassini CDA detector is to study the compositions of dust particles detected in space. There is no prior knowledge of the composition of any individual particle detected in space. It is therefore important to consider whether it is possible to classify the impacting particles into broad categories such as metal, organic or mineral, based solely upon the observed mass spectrum. Firstly, we note that for organic materials the signals found via impact ionization and time-of-flight studies correspond to those expected from mass spectroscopy based upon other (i.e. thermal) decomposition methods. However, there is a marked dependence on impact speed. Effectively, as the speed (and hence specific impact energy) increases, the molecular bonds in the organic material are more readily broken. At lower speeds, many carbon bonds survive the impact, resulting in the formation of cationic organic fragments of relatively high mass. These fragments give rise to the periodic peaks in Fig. 10 (PP3) observed above the feature at 91 amu, which is attributed to the tropylium cation species. Each peak is separated by 12 to 14 amu and the peaks are in repeating multiplets of four. While there is no reason to expect polystyrene latex particles to be found in space, if similar periodic patterns of higher mass fragments were observed for an impact event, then the inference of an organic-based micro-meteorite would be a reasonable interpretation. In particular, if a peak at 91 amu was obtained, an aromatic organic composition could be inferred with some confidence.
In contrast, iron microparticles produce mass spectra that, apart from the contaminants seen here, are relatively featureless. There are few peaks and no regular spacing between them. At first sight, this would seem to immediately allow clear differentiation from the organic projectiles. However, caution is required at high impact speeds (above 20 km s −1 ), since the mass spectra obtained from impact events using the PP5 and PP samples also become relatively featureless. This is not universally true for all materials. Impacts on the time-of-flight detectors on spacecraft that flew past Halley's comet in 1986 produced some spectra of great complexity, with higher mass signals of several hundred amu being observed. This encounter was at very high speed, so not all materials give just elemental signals in mass spectra derived from high energy impacts.
In the present study it has proved difficult to distinguish clearly between the mineral-based and iron projectiles simply from their observed mass spectra. The detailed discussion in the previous section was only possible because of the precise knowledge of the chemical composition of the microparticles. Without this information it would have been difficult to distinguish the mass spectra from AlSi events from those produced by impacts of iron particles.
Mass resolution
The largest polystyrene-based microparticles coated in polypyrrole (the PP3 sample) yielded spectra with many peaks, with features in excess of 250 amu. This enabled the first time an assessment to be made of the resolution of a CDA type instrument in the high atomic mass range. Figure 14 shows the mass resolution obtained from the individual peaks in the mean spectra of the iron and PP3 samples. The resolution of each peak is defined as m/∆m, where m is the mean mass of a peak and ∆m is given by the full-width-half-height of a Gaussian fit to the peak. The mass resolution data for the iron sample in Fig. 14 were fitted by a linear function that gave m/∆m = (6.1 ± 1.5) + (0.17 ± 0.03)m. The PP3 data at similar masses were clearly compatible with this fit, as expected. The mass resolution for the PP3 data generally levels off at higher mass, although some high mass species exhibited very good resolution (m/∆m > 70). The resolution of the stable molecular species is surprisingly good considering the high probability of peak broadening due to additional or lost hydrogen atoms from the large molecules. Occasionally (e.g. at masses of approximately 38, 250 and 280 amu) some peaks have twice the mass resolution of their neighbours. The most likely explanation is that neighbouring signals have very similar masses that merge together to form the observed broad peak. Ignoring these occasional values, a fit to the PP3 data in Fig. 14 is shown (solid line) and yields m/∆m = (5.5 ± 6.6) + (0.3 ± 0.2)m -(8.10 ± 0.01) × 10 −4 m 2 . This gives, for example, m/∆m = 5 for H + and 40 for 200 amu. However, it should be remembered that the higher mass peaks may represent signals from several neighbouring ion species that differ by a single H atom. The mass resolution is insufficient to resolve this. Therefore the true resolution is probably best represented by the occasional narrow peak, such as that at approximately 250 amu where the value of m/∆m is much greater (of the order of 80-100).
It should also be noted that the time-of-flight data obtained here were recorded in the laboratory with standard electronics and no signal processing. Any space-deployed instrument will have its own custom-built electronics and signal processing which may change the mass resolution. The results obtained in this study should thus be treated as an indication of how the resolution evolves at high masses rather than absolute measures of the resolution for space instruments. The absolute resolution of the CDA flight instrument and electronics itself has previously been quoted as m/∆m = 20 for H + and 50 for Rh + (Srama et al. 1996) , i.e. approximately two to four times higher than that observed here.
Conclusions
Several new types of microparticles that rely on the organic conducting polymer, polypyrrole, for their charging properties have been successfully accelerated using a 2 MV van de Graaff accelerator. This study has extended the particle compositions available for the laboratory calibration of dust analyser instruments based on impact ionization. The response to charging and acceleration of four low-density organic-based microparticles and aluminosilicate clay-based microparticles has been investigated in some detail and mass-velocity distributions were produced in the same mass-velocity regime as for that obtained with the more traditionally accelerated iron dust.
Within experimental scatter, the amplitude of the negative charge (normalised to particle mass) generated from impact on the rhodium target by all the new samples of microparticles concurs with that obtained from iron projectiles. This indicates that the difference in projectile density and composition (metallic, organic or mineral) has not significantly influenced the impact phenomena producing the observed ion total abundance. There are overall changes in the ionization yield behaviour with impact speed. These changes may be due to energy going into breaking of molecular bonds/melting/vaporization etc. rather than into ionization. There is some slight evidence that the transition speed between different different ionization regimes may be dependent on the projectile material. There is a clearer influence of projectile type on the rise time of the signals that are normally used to calculate the impact speed of the impinging projectile.
Complex, yet reproducible, time-of-flight spectra have been obtained for impacts of the conducting polymer-based microparticles on a rhodium target. In particular, the behaviour of three types of microparticles (two organic-based (PPY and PPY-PS) and one mineral-based (aluminosilicate clay)) has been studied and compared to that of iron. Many molecular fragments are displayed within the spectra derived from the organic-based projectiles, particularly at lower velocities (v < 15 km s −1 ). The spectral response is consistent at specific velocities but the amplitudes of individual species can vary significantly, sometimes disappearing completely. Several elements (such as hydrogen, carbon, oxygen, and nitrogen) were only observed once a velocity threshold had been exceeded. Additionally, the time-of-flight spectra suggest that the aluminosilicate clay contains lithium. However, this feature was only observed within a certain velocity range (7-16 km s −1 ); the reason for this is unclear at present.
The spectra obtained from three polystyrene latexes of different particle sizes each coated with thin polypyrrole overlayers revealed an unexpectedly strong velocity dependence. It is emphasised that these spectra are consistent across different samples at comparable velocities and it is suggested that the spectra are dominated by features characteristic of the core latex, rather than the polypyrrole overlayer. However, the response changes significantly with increasing velocity. This highlights the importance of the accurate determination of impact velocity for individual events before accurate interpretation of the spectrum can be performed, particularly at low encounter velocities. Many higher mass molecular fragments have mass differences of 12 to 14 amu, suggesting the incremental addition of either CH or CH 2 groups. It is tentatively suggested that, under certain impact conditions, this regularity might be used to identify an organic component for some micro-meteorites. Further work is planned that will use aliphatic polymer latex cores (rather than the aromatic polystyrene latex cores used in this study) to enable this hypothesis to be more fully tested. However, without a detailed prior knowledge of the chemical composition of the impinging particle and impact speed it was not possible to clearly distinguish between the mass spectra derived from the mineral particles used in this work and those obtained for iron projectiles. This was because both produced spectra dominated by relatively few peaks with low mass numbers.
The mass resolution of the CDA detector design was measured for high mass species (m > 100 amu) in the low velocity time-of-flight spectra and shown to be non-linear at higher mass. However, this may be due to the production of cationic species in an event whose mass separation is less than the resolution of the detector at high masses.
Overall, the use of conducting polymers has greatly increased the range of particle compositions available for electrostatic acceleration. The new organic and organic-mineral projectiles are ideal for investigating plasma production on impact due to their ease of acceleration, highly variable chemical compositions and relatively narrow size distributions.
Appendix: Synthesis of polypyrrole-coated aluminosilicate particles
The synthesis of the polypyrrole-coated aluminosilicate particles has not been reported previously and was carried out as follows. The raw China clay particles were supplied by English China Clay Ltd. The aluminosilicate particles were supplied suspended in an aqueous medium. The characteristics of the clay were determined in the laboratory. The density was 2660 kg m −3 and the conductivity was negligible (<10−10 S cm −1 ). SEM analysis showed a platelet morphology, polydisperse in size. A CHN elemental analysis gave C: 0.15%, H: 1.45%, N: 0%. The China clay particles were then suspended in de-ionised water. An oxidant was then added and, when fully dissolved, pyrrole was added. The resultant black dispersion was stirred for 24 hours and then centrifuged (at 4000 r.p.m. for 40 min). The supernatant was replaced with de-ionised water and the centrifugation/re-dispersion repeated three times. The isolated black sediment was heated in an oven for 72 hours at 50
• C and then ground with a mortar and pestle to produce the dried, purified microparticles. The polypyrrole loading of the coated particles was determined by comparing their microanalytical nitrogen contents with those obtained for pure polypyrrole (N = 15.5% w/w), given that the nitrogen content for the original un-coated clay particles was essentially zero.
